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The present experimental data on neutrino oscillations, neutrinoless double beta decay and tri- 
tium beta decay are collected together and possible mass ranges for Dirac and Majorana neutrinos 
are found. Four future experimental situations are investigated: both decay experiments give only 
upper bounds, one of them gives a positive result (\{m v ) \ 7^ or mp 7^ 0), or finally both effective 
neutrino masses are different from zero ( | (m.^) | 7^ and 7^ 0). Each scenario gives new informa- 
tion on neutrino masses and nature but only the last has a chance to resolve the problem and give 
some additional information on CP violation in the lepton sector. 

o : 
o ■ 

The problem of neutrino mass spectrum and its nature is the most important issue in the lepton part of the Standard 
Model. What new information can we obtain from the last experimental results, and what are the future perspectives? 
1— h . Three kinds of experiments play a fundamental role in answering this question. Two are traditional and known for 
years: beta decay and neutrinoless double beta decay ((/3/3)o) of nuclei. Already Fermi [jlj in 1934 and Furry (|] 
in 1939 realized that both processes are important to find the neutrino mass and nature. The third type constitute 
the neutrino oscillation experiments |J. We strongly believe that neutrino oscillations are responsible for anomalies 
. observed in solar (J], atmospheric || and LSND (g] experiments. There are trials of alternative explanations of the 
observations but they require much more sophisticated assumptions (as for example the breaking of the equivalence 
0^ . principle, breaking of the special theory of relativity, the neutrino decay with life-time much below expectations or 
' huge neutrino magnetic moments) and give much poorer fits to the data || . 

The end of the Curie plot in tritium beta decay has been observed since the late forties giving now a bound on the 
effective electron neutrino mass of mp < 2.8eV H and mp < 2.5eV (l(J both with 95% c.l.. Although less pronounced, 
. the problem of negative m| remains. 

Trials of finding the neutrinoless double beta decay of even-even nuclei have also been conducted for years. The 
best result for the effective electron neutrino mass | {ttt,^} | bound comes from the last experiment with 76 Ge. The 
O , Heidelberg-Moscow collaboration found that the half life time of 76 Ge is bounded as 
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T°; 2 (Ge) >5.7x I0 25 years, (1) 



which gives a bound of Km,,)! < 0.2eV |llj]. The derivation of this bound required the calculation of complicated 
nuclear matrix elements. A discrepancy of the order of a factor of 3 [G~2| between the independent studies has been 
. found. As a consequence the uncertainty of | (m„) | is of the order of V3- 

Finally, the oscillation experiments give results on the basis of three different observations: solar |l3|, atmospheric 
PI and LSND |15|. The results of the last of these, if correct and explained through neutrino oscillations requires 
the introduction of a fourth sterile light neutrino species. The observation of the LSND collaboration has not been 
confirmed by KARMEN Jll| and is partially excluded by Bugey jl7|] and BNL776 [Q experiments. In such cir- 
cumstances we will assume that only three massive neutrinos exist which explain the solar and atmospheric neutrino 
anomalies. The case of four massive neutrinos can be studied in a similar way. Even with this assumption the oscilla- 
tory data has some ambiguities related in particular to the existence of several possible solutions of the solar neutrino 
problem. The values of 5m 2 and sin 2 29 for the atmospheric and the four solar solutions (SMA MSW, LMA MSW, 
LOW MSW and VO) of the observed anomalies are collected in Table Q. As there are definitely two scales of 5m 2 , 
^ m atm ^ ^ m so!i two possible neutrino mass spectra must be considered (Fig. [I]). The first, known as normal mass 
hierarchy (A3) where Sm 2 ol = bm\ x <C Sm 2 2 ~ ^ m atm an d the second, inverse mass hierarchy spectrum (A™ v ) with 
Sm 2 i = dm 2 1 <C Sm 2 tm — Sm^. Both schemes are not distinguishable by present experiments. There is hope that 
next long base line experiments (e.g. MINOS, ICANOE) will do that. 

The values of the allowed range of Sm 2 and sin 2 29 in the Table | are presented with a 95%c.L. As we will see the 
value of sin 2 29 plays a decisive role in our considerations. A value of sin 2 29 < 1 is crucial. If we look at the data 
pfj| ], we see that a maximal mixing is still possible at 99%c.L for three solutions of the solar neutrino problem LMA, 
LOW and VO ]2l} |. However, the best fit values, contrary to the atmospheric neutrino case, are smaller than 1. Still, 
it is possible that this is only a fluctuation and future better data are needed to solve this problem. Here we assume 
that the tendency observed in experimental data is real and future experiments will confirm that sin 2 29 < 1. 
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Experiment 
solutions 
Atmospheric neutrinos ]l4| , [19[ 
Solar neutrinos 
MSW SMA @P 
MSW LMA | Safe 
MSW LOW igofll 
VO 



Allowed 


range 


Best 


fits 


5m 2 [eV 2 ] 


sin 2 26 


Sm 2 [eV 2 ] 


sin 2 28 


(1.5 - 7) x KT a 


0.84 - 1 


3.5 x 10~ ;5 


1.0 


(4-10) x 10" 6 


0.001 - 0.01 


5.2 x 10" B 


0.0065 


(1.5 - 10) x 10" 5 


0.59 - 0.98 


2.94 x 10~ 5 


0.77 


(7 - 20) x 10" 8 


0.68 - 0.98 


1.24 x 10" 7 


0.9 


(0.5-8) x 10~ 10 




4.42 x 10~ 10 


0.93 



TABLE I. The allowed ranges and best fit values of sin 2 29 and Sm 2 for the atmospheric and different types of solar neutrino 
oscillations 



m i — 



5m' 



atm 



}8m 



sun 



A 3 scheme 



m 3- 



V 



6m' 



atm 



A^scheme 



}5m' 



FIG. 1. Two possible mass spectra which can describe the oscillation data. Scheme A3, normal mass hierarchy, has a 
small gap between rri\ and m,2 to explain the oscillation of solar neutrinos and a larger gap for the atmospheric neutrinos. 



In the inverse mass hierarchy scheme A\ nv , m-j is the lightest neutrino mass and 8m atm 
distinguishable by present experimental data They will be discriminated by future experiments. 



-<5m 31 . Both schemes are not 



Two elements of the first row of the mixing matrix | U e i | and | U e 2 1 can be expressed by the third clement | U e 3 | and 
the sin 2 29 



and 



\U el \ 2 = (1 - |C/ e3 | 2 )i(l + Vl-sin 2 20), 



\U e2 \ 2 = (1 - \U e3 \ 2 )^(l - Vl-sin 2 29). 



(2) 



(3) 



The value of the third element |J7 e 3| is not fixed yet and only different bounds exist for it [£3|. We will take the bound 
directly inferred from the CHOOZ experiment [E4| 



|C/ e3 | 2 < 0.04. 



(4) 



In spite of various complications and uncertainties even now we will get some information about the neutrino mass 
spectrum and their nature. We hope however, that such considerations with better data will give a key to the solution 
of the problem in the future. 

For the three massive neutrino scenario (without LSND) the oscillation experiments give the lower bound on the 
highest mass of neutrinos 



max 

and a bound on the absolute value of the difference of two masses 

\m% -mj\< 5m 2 atm . 



(5) 



(6) 



2 



No upper bound on neutrino masses can be inferred from oscillation experiments alone. So, in the schemes in Fig [j], 
we only know that 7713,2 > 0.06ey, for A3 and A™" schemes respectively. 
The tritium beta decay measures the effective electron neutrino mass mp 



5>. 



|2 2 



1/2 



(7) 



and no upper bound on neutrino masses can be given. We can only find that 



(m u ) m in < mp < (m 



(8) 



where (m u )min denotes the lowest neutrino mass. In practice this means that (m u ) m i n < 2.5eV, but (m v ) max can 
be very large. Connecting both the tritium beta decay data and the oscillatory data we can find the following upper 
bound on the neutrino mass pal 



< (m 



v /max 



< 



(mp) 2 + Sm 2 atm . 



(9) 



This means that the mass of the heaviest neutrino must be somewhere in between O.OGeV and 2.beV. 

The estimations which we get up to now do not depend on the neutrino nature. It is well known that the electron 
energy distribution in nuclei beta decay and flavor oscillations do not distinguish Dirac from Majorana neutrinos p6[ . 
Therefore, the bounds (Eqs. [|, ||and Eq. ^|) are valid for both neutrino types. This is not the case of the neutrinolcss 
double beta decay of nuclei. This decay is only possible for a massive Majorana neutrino [^Tj. Neglecting all other 
mechanisms which can participate in the process we can derive a bound on 



\(mu)\ 



i=l 



(10) 



Alone, this bound is of little value since it only means that 



< \{m v )\ < K), 



(11) 



Let us now consider however all three experiments together |28|. If neutrinos are Dirac particles then |(7T!,„)| = and 
we do not have any additional information from ((3(3)q v . All we can say about masses of Dirac neutrinos follows from 
\H decay and oscillation experiments and is given by Eqs. || ^ and Eq. ^. 

If neutrinos are Majorana particles then the bound on |(m„)| works and we can find new restrictions. For three 
neutrinos in the scheme A3 (Fig. |l|) we have 



\{m v )\ 



\U el \ 2 {m v ) y 



\U e2 \ 2 e 2i ^ 



\U e3 \ 2 e^^(m^ mm + Sml ol +Sml t 



5m 2 , 

sot 



(12) 



and similarly in the case of the scheme A3 1 " . Three parameters defined above are unknown, (m^) m i n and the Majorana 
CP violating phases 4>2 and fa. We are not able to predict the value of | (m v ) \ but lower | (m„) \ m in an d upper | (m„) \ m ax 
limits as function of {m v ) min can be obtained. In Fig. ^| (scheme A3) and Fig. || (scheme A™ v ) \(m l/ )\ min is shown 
as function of (m u ) m i n for the four possible solutions of the solar neutrino anomaly p9| ]. The shaded regions give the 
uncertainties of the results caused by the allowed region of input parameters (mostly sin 2 29) . For the SMA MSW 
solution the 95%c./. range of |(m„)| m i„ is described by one curve in the adopted logarithmic scale. 
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FIG. 2. Scheme A3. The curves of |(m„)| ra i„ for the dif- 
ferent solar neutrino oscillation solutions were obtained with 
the values of sin 2 26 sun quoted in the text and |?7 e 3| 2 = 0.01 
. The shaded region is given by the largest range in Table [l| 
that is the range for the LMA solution. For the SMA solution 
the 95%cJ. range (.001-. 01) is described by one curve in the 
present scale. 
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FIG. 4. (m^)min as function of mp ~ k! 
((rn v _Uin = W 2 - (1 - \U el \ 2 )8rn 2 solar - \U e3 \ 2 Sm, 2 atm }^ 2 , see 
Eq. hq), with oscillation parameters changing in the range 
specified in Table Q. The solar neutrino solution is the LMA 
MSW. The difference is visible only for k' < O.leV 



FIG. 3. Scheme A™ v . The curves were obtained with the 
same assumptions as in Fig. H. 
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Present Experimental Data 



We see that already with the present experimental data the possible values of \(m u )\min depicted in Fig. || and 
Fig. H exceed the bound on |(m v )| 

\{m v )\ min >0.2eV, (13) 

for some values of {rn v ) m i n . This means that Majorana neutrinos with masses above some (m v ) m i n are forbidden. 
The limiting mass depends on the solution to the solar neutrino problem and on the adopted value of sin 2 29 and 
\U e3 \ 2 . For the SMA MSW solution in both A 3 and A\ nv schemes (m„) mm = 0.22eU. For LMA, LOW and VO with 
{sm 2 26) max = 0.98 and \U e3 \ 2 = 0.01, {m u ) min = 1.5eV 

We see that the bound on the effective mass given by the present (/3/3)ov experiments restricts the range of 

possible Majorana neutrino masses. This range depends on the maximal value of sin 2 28, and for 

is the same as for Dirac neutrinos ^] . 
Future Perspectives 

Future improving results of neutrino experiments will give better information on neutrino mass spectra. The im- 
provements that are important for our purpose and are realistic are the following 

• Concerning neutrino oscillations j3lf| 

— the problem of the sterile neutrino should be solved 

— a single solution of the solar neutrino problem should be found and the value of sin 2 29 should be given 
with better precision 

— the allowed range of 5m 2 tm , Sml ol and \U e3 \ will be reduced. 

• Concerning (/3/3)oi/ decay Q 

— there are plans of going down with the effective Majorana mass down to Km^)] ~ 0.006eU in two stages, 
hrst \{rn v ) \ « 0.02eU (GENIUS I) and later \{m v )\ « 0.006eU (GENIUS II). 

— two possibilities should be envisaged with different impact on this study. The pessimistic option is that 
the decay of 76 Ge will not be observed and only a new bound on |(m„)| will be found. The optimistic, the 
decay is discovered and a value |(m„)| € (0.2 — 0.006)eU is inferred. 

• Concerning the \ H decay |53| 

— two Collaborations ||, j[o|, |Q plan to go down with the value of mp below leV and perhaps even down 
to 0.6eU. 

— Once more two scenarios can happen. A distortion in the electron kinetic energy will not be found and a 
new bound will follow, mp < 0.6eU. On the optimistic side, such a distortion will be observed, the problem 

2 





with m| < will be solved and the tritium (3 decay will give a value of mp = k' G (0.6 — 2.5)eU 



We will now discuss four different possibilities (i) two bounds |(m„)| < 0.006eU and mp < 0.6eU exist, (ii) 
|(?7i„) | < 0.006eU and mp w k', (iii) |(m^)| w k but mp < 0.6eU, and finally (iv) |(m y )| ~ n and mp n' . 

Ad. (i) \(m v )\ < 0.006eU, mp < O.QeV 

Nothing special happens, the accepted range of Dirac and Majorana neutrino masses will become smaller. The 
bound on mp gives the possible range of Dirac neutrino masses 

0.06eU < {m v ) max < 0.6eV. (15) 

The bounds on Km^)] (depicted in Fig. and Fig. |3|) give a small space of Majorana neutrino masses. Once more 
the maximal value of (m u ) m i n depends on (sin 2 29) max and |[/ e 3| 2 , which at that time should be known much better. 
Taking as an example for |(m„)| < 0.006eU with \U e3 \ 2 = 0.01, only two values of (sin 2 29) max 
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FIG. 5. The values of \{(m v ))\ ma x and |((m„))| m i„ for two solutions of the solar neutrino problem SMA MSW (left, A) and 
LMA MSW (right, B) given as function of (m„) m i„ for the best fit parameters (solid lines). The shaded and hashed regions 
correspond to the allowed ranges of oscillation parameters (from Table |) for \((m v ))\ m i n and |((m„))| maa; respectively. The 
experimatal bounds on |((m„))| planed by GENIUS I and GENIUS II are depicted. The vertical band corresponds to the 
possible value of mp in future \H decay experiments. 



(sin z 26) r 



0.01 (SM A) => (m„) 
0.98(LMA) =>■ (m„ 



,„,„ < 0.02- I : 

mm < QMeV - 



0.06eV < (m„) 
0.06eU < (m v ) 



,„. a < 0.062< I . 
„,„ lX < 0.078< V. 



(16) 
(17) 



We see that a much smaller range of Majorana neutrino masses will be accepted than in the Dirac case. The scheme 
Af v will be excluded for SMA (LMA) by GENIUS I (GENIUS II) (see Fig. g). This is a very pessimistic scenario 
because the problem of neutrino nature will not be solved and the chance to find the spectrum of Majorana neutrinos 
in a close future will be very small. 



Ad. (ii)|(m„)| < 0.006eU and mp « k' 

If a value of mp ~ k' is found the situation changes considerably. With the oscillation parameters and mp ~ n' 
we can calculate the spectrum of neutrinos. The only accepted scheme is A3. It gives 



77li = (m v ) m in = W 2 - (1 - \U e i\ 2 )Sm 2 solar - \U e3 \ 2 Sm 



1 1 1/2 

atm\ ' 



and 



rn 2 = [(m„) 
m 3 = {{m v ) 



2 

min 
2 

min 



<WL;ar] 1/2 > 



11/2 



(18) 



(19) 
(20) 



In Fig. ^ we show the (m^) m i n as function of mp « n' where the oscillation parameters change within their allowed 
range given in Tab. |[ For (m v ) m i n > O.leU, practically (m v ) m i n w k'. The difference is visible only for very 
small (m v ) m i n . This means that the experimental error on k! is the only significant source of the variation range of 
{fnv)min- The mass spectrum obtained from Eq. |l8|, |l9| and ^0|does not depend on the neutrino nature. If neutrinos 
are Majorana particles, the value of (m u ) m i n obtained from Hf decay can be used to find the range of possible values 
of |(m„)|. In Fig. || we depicted \(m^)\ max and \(m^)\ m i n for two possible solutions of the solar neutrino problem, 
SMA (Fig. |A) and LMA (Fig. |f3) in double logarithmic scales. The bound of (m u ) min ~ (0.6 - 0.8)eV gives the 
range of possible values which follows from crossing the space allowed by oscillation experiments. 



1(^)1 



in i n 





< 



\{m v )\<\{m v )\J 



If the experimental bound on |(to„)| from (P/3)o u decay is below the |(w^)|™ n 
Majorana particles. If it is lager, the problem of neutrino nature is not solved. 



(21) 

range, then neutrinos can not be 



Ad.(iii) \{m v ) \ « k, mp < 0.6eV. 

It is quite probable that this scenario will happen. In this case the neutrinos are Majorana particles. In Fig. 
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FIG. 6. \{(m v ))\max and |((m„))| m i„ for two solutions of the solar neutrino problem LOW MSW (left, A) and VO (right, 
B) as function of (m v ) m i n for the best fit parameters (solid lines). The shaded and hashed regions correspond to the allowed 
ranges of oscillation parameters (from Table jj) for |((m„))| m i„ and | ((m„)) \ max respectively. In A, the possible band for 
|((m„))| € (0.02 — 0.05)eU and the on (m v ) m in < 0-GeV are depicted. In B, the bands from the two experiments {P(3)q v , 
|((ra„))| 6 (0.02 - 0.05)eV (horizontal) and fH, mp G (0.6 - 0.8)eV (vertical) are given. 



a possible band of |(m„)|, obtained from the GENIUS experiment is given. This bound crosses the region of space 
allowed by oscillation data giving the possible value of (m v ) m i n 

(m„)™ im °" < (m„) mi „ < {m v )Z: m) °\ (22) 

If the value of | (ttt,^) | is found in the second stage of the GENIUS experiment ~ 0.01 — 0.005eU the 

( TO f )™iin' /3/3 ' " = 0- With the range of possible (m^) m j„ the result on mp from tritium f3 decay can predicted. 
In practice mp should also satisfy the inequalities given by Eq.( |2^). If the experimental limit on mp is larger than 
( m ")min'' 3 ' 9 ' "' the theory with three Majorana neutrinos is consistent. If, what is less probable, the experimental 
limit on mp is smaller than {m v ) r ^^^ 0> ' then the theory with three Majorana neutrinos is ruled out. 

Ad.(iv) ~ k, mp ps k' . 

This is the best, but on the other side, the least probable scenario. The value of |(m„)| ^ defines the neu- 
trino as a Majorana particle. The value mp ^ gives their mass spectrum. Comparing both bands with the region 
of |(m„)| allowed by the oscillation data (Fig. ^B) is a check of internal consistency of the theory. With precise 
data the crossing of the three regions can be used to specify the values of the CP breaking Majorana phases <p\ 
and <fi2 (Eq.([l2|)). If the two bands |()n„)| and mp cross the oscillation region near \(m u )\ max , two phases are equal 
Pi = </?2 ~ fVK. This means that all three Majorana neutrinos have the same CP parity rjcp = +i and the symmetry 
is conserved. If the two bands cross the oscillation region near \(m u )\ m i n once more the CP symmetry is satisfied 
with rjcp{vi) — — ?7cp( i/ 2) = — Vcpi^) = i- Finally, if all three regions cross somewhere in between, the phases ipi 
are nontrivial and the CP symmetry is broken. 

In conclusion 

Present experimental data define the region of neutrino mass. The heaviest Dirac neutrino mass must be some- 
where in the range 0.06eU < (m v ) max < 2.5eV. The analogous range for Majorana neutrinos depends on the solution 
of the solar neutrino problem and is 0.06eU < {m v ) max < 0.26eU for SMA and 0.06eU < {m u ) max < X.beV for the 
LMA scenario. A better future bound on the effective mass in the neutrinoless double (3 decay and the tritium (3 
decay would give better limits on Dirac and Majorana neutrino masses but the problem of the mass spectrum and 
their nature will still not be solved. The situation will change significantly if at least one of the experiments gives 
a positive result and or mp will be different from zero. The most difficult scenario, where both experiments 

give positive results is the one where (i) the nature of neutrinos, (ii) their mass spectrum, (iii) the consistency of the 
theory and (iv) the CP breaking Majorana phases can be found. 
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